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Myocardial ischemia resulting fromsudden occlusion of a coronary artery is one of themajor
causes in the appearance of severe, often life-threatening ventricular arrhythmias. Although
the underlying mechanisms of these acute arrhythmias are many and varied, there is no
doubt that uncoupling of gap junctions (GJs) play an important role especially in arrhythmias
that are generated during phase Ib, and often terminate in sudden cardiac death. In the
past decades considerable efforts have been made to explore mechanisms which regulate
the function of GJs, and to ﬁnd new approaches for protection against arrhythmias through
the modulation of GJs. These investigations led to the development of GJ openers and
inhibitors.The pharmacological modulation of GJs, however, resulted in conﬂicting results.
It is still not clear whether opening or closing of GJs would be advantageous for the
ischemic myocardium. Both maneuvers can result in protection, depending on the models,
endpoints and the time of opening and closing of GJs. Furthermore, although there is
substantial evidence that preconditioning decreases or delays the uncoupling of GJs,
the precise mechanisms by which this attains have not yet been elucidated. In our own
studies in anesthetized dogs preconditioning suppressed the ischemia and reperfusion-
induced ventricular arrhythmias, and this protection was associated with the preservation
of GJ function, manifested in less marked changes in electrical impedance, as well as in
the maintenance of GJ permeability and phosphorylation of connexin43. Since we have
substantial previous evidence that nitric oxide (NO) is an important trigger and mediator of
the preconditioning-induced antiarrhythmic protection, we hypothesized that NO, among
its several effects, may lead to this protection by inﬂuencing cardiac GJs. The hypotheses
and theories relating to the pharmacological modulation of GJs will be discussed with
particular attention to the role of NO.
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INTRODUCTION
Traveling on the London underground you may frequently hear
“Mind the gap! Mind the gap!” This warning call is also valid for
the heart when the genesis of arrhythmias is considered. Gaps
not only separate but also connect cells by forming special chan-
nels, termed gap junctions (GJs), which allow fast electrical and
metabolic cross-talk between the neighboring cells. In myocar-
dial tissue, these GJ channels are accumulated in clusters located
in the intercalated disks, and they represent low resistance path-
ways between the adjacent cells, allowing fast spread of impulse
from the one cell to the other (electrical coupling). These channels
can also transfer small molecules (less than 1,000 Da) result-
ing in tight metabolic intercellular communication (metabolic
coupling). Since, the shape of the ventricular cardiomyocytes
is elongated and the GJs are preferably located in the longi-
tudinal end of the cell, under normal conditions, the action
potential is propagated in longitudinal direction (Spach et al.,
1981; Rudy and Quan, 1987; Peters and Wit, 1998; Rohr, 2004).
This uniform anisotropy that mainly results from the structural
arrangement (longitudinal vs. transversal) and electrical proper-
ties of GJs (low resistance), makes possible that the heart behaves
as an electrical syncytium. However, under pathologic condi-
tions, such as the acute myocardial ischemia, as the consequence
of the rapid metabolic changes (Shaw and Rudy, 1997), these
GJs are uncoupled, resulting in the closure of the low resistance
pathways and changes in impulse propagation. In homogene-
ity (non-uniform anisotropy) develops within the cardiac tissue
as regards the electrical conduction, which leads ultimately to
arrhythmia generation (Spear et al., 1992; De Groot and Coronel,
2004).
The present paper will focus on the role of GJs in the generation
of ventricular arrhythmias due to acute myocardial ischemia. We
will discuss how the pharmacological modulation of GJs would
inﬂuence these ischemia-induced early ventricular arrhythmias,
and put forth a hypothesis, based mainly on our own studies in
anesthetized dogs, that nitric oxide (NO), an important endoge-
nous modulator of heart function, may also regulate cardiac GJs.
We provide evidence that the effect of NO on GJs might have a
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role in the cardioprotective (antiarrhythmic) effect of precondi-
tioning and NO donors.
THE ROLE OF GAP JUNCTIONS IN THE ACUTE
ISCHEMIA-INDUCED VENTRICULAR ARRHYTHMIAS
There seems to be consensus in respect that arrhythmias occur-
ring soon (within 3 min) after the onset of the coronary artery
occlusion result from those ionic and electrophysiological changes
which are due to the rapid switch of myocardial metabolism from
aerobic to anaerobic mode (Janse et al., 1986). These metabolic
changes (loss of ATP, fall in intracellular pH, accumulation of lac-
tate, etc.) are apparent within seconds or minutes after the onset
of ischemia and directly affect the function of ion channels and
exchangers, resulting in considerable alterations in impulse gener-
ation and conduction (Cascio, 2001). Without going into details,
conditions develop during this early phase of ischemia favor reen-
try, which is thought to be the main mechanism underlying the
phase Ia arrhythmias (Kléber, 1983; Janse et al., 1986).
Although processes underlying generation of phase Ib arrhyth-
mias are less well understood, there is no doubt that uncoupling
of GJs play an important role. As is mentioned above in the
uniformly anisotropic heart the transfer of an impulse is largely
dependent upon the resistance of GJs, which is lower in longi-
tudinal than transversal direction (Hoyt et al., 1989; Safﬁtz et al.,
1995). This provides longitudinal preference over transversal con-
duction (Spach et al., 1981; Peters and Wit, 1998) and a safety
for normal cell-to-cell impulse propagation (Spach and Heid-
lage, 1995). However, under ischemic conditions, particularly
with the progression of ischemia, the further loss of ATP and
intracellular K+, the accumulation of harmful metabolites and
ions, the release of catecholamines, etc., would result in a milieu
in which the uncoupling of GJs increases (White et al., 1990;
Dhein, 1998). This leads to non-uniform changes in tissue resis-
tance and inhomogeneous impulse conduction (Wojtczak, 1979;
Kléber et al., 1987; Cascio et al., 2005) which initiate and maintain
reentry during phase Ib (Spach et al., 1988). On the other hand,
the increased resistance resulting from interruption of cell-to-cell
coupling decreases the injury current, although at moderate lev-
els of uncoupling this current would still be sufﬁcient to induce
delayed after-depolarization and trigger focal activity (Janse and
van Capelle, 1982). Another consequence of the “metabolic over-
load” in the ischemic myocardium which largely accounts for
the uncoupling of GJs is the reduced phosphorylation of con-
nexin43 (Cx43), which is the primary structural protein of GJs
in the ventricle (Söhl and Willecke, 2004). The ischemia-induced
dephosphorylation of Cx43 results in conformational changes in
connexin and leads to the closure of GJs and translocation of
Cx43 from the membrane to the cytosol (Beardslee et al., 2000).
This ischemia-induced Cx43 dephosphorylation and the subse-
quent closure of GJs occurs within 30 min (Beardslee et al., 2000;
Schulz et al., 2003), making possible to use the measurement of
Cx43 phosphorylation as a tool for the assessment of GJ function
even during such a relatively short period of ischemia.
Functionally, GJ channels can be in open and closed state,
although the conductance of a single channel may vary between
several states – from closed, residual to the several levels of con-
ducting (open) states – which are regulated by phosphorylation
of the C-terminal of the connexin (Kwak and Jongsma, 1996).
The assessment of GJ function particularly under in vivo con-
ditions is rather difﬁcult. Most of the currently used methods
provide only indirect evidence on the coupling status of GJs.
Measurement of GJ permeability using small molecular weight
dyes (Ruiz-Meana et al., 2001) or the determination of connexin
phosphorylation (Ando et al., 2005) allows evaluation of coupling
only at a certain time point. Although measuring conduction
velocity by activation mapping techniques (Rohr et al., 1998; Hen-
riquez et al., 2001), or tissue impedance (resistivity and phase
angle) changes by the use of a four-pin electrode method (Kléber
et al., 1987; Cinca et al., 1997; Padilla et al., 2003) make possible
continuous recording, these methods represent also only indi-
rect assessment of GJ function. These methodological problems
have been discussed in details previously (Garcia-Dorado et al.,
2004; Végh and Papp, 2011). Nevertheless, despite these difﬁ-
culties the combination of the available methods and techniques
allow us to estimate the function of GJs and their role in arrhyth-
mogenesis under various physiological and pathophysiological
conditions.
THE ROLE OF GAP JUNCTIONS IN ARRHYTHMOGENESIS
AND IN THE ANTIARRHYTHMIC EFFECT OF
PRECONDITIONING
There were two studies (Smith et al., 1995; Cinca et al., 1997), both
performed in anesthetized pigs, which provided the ﬁrst in vivo
evidence that GJs play an important role in the generation of the
ischemia-induced ventricular arrhythmias. The ﬁrst study pointed
out a relationship between changes in tissue impedance and the
occurrence of arrhythmias, showing that the appearance of phase
Ib arrhythmias during a 60-min coronary artery occlusion was
preceded by a steep increase in tissue resistivity around the 15 min
of ischemia (Smith et al., 1995). The second study (Cinca et al.,
1997) reported that ischemic preconditioning delays uncoupling
of GJs and shifts the onset of the Ib phase arrhythmias to a later
period of the ischemia. Our own studies in dogs (Papp et al., 2007)
showed somewhat similar results, but the rise in tissue resistiv-
ity prior to the occurrence of the phase Ib arrhythmias was not
as marked as either in pigs (Smith et al., 1995) or isolated heart
preparation (Kléber et al., 1987). Furthermore, preconditioning
in dogs not only delayed but signiﬁcantly decreased the tissue
impedance changes (Papp et al., 2007) and, as that we have pointed
out previously (Végh et al., 1992a), preconditioning resulted in an
absolute reduction in the number and severity of arrhythmias
without shifting them to a later period of the occlusion. Precon-
ditioning also preserved GJ permeability and phosphorylation of
Cx43 determined both at 25 and 60 min of ischemia, suggest-
ing that preconditioning in this species not only delays but indeed
reduces the closure of GJs (Papp et al., 2007). Theremight bemany
explanations of these dissimilarities, among which the difference
in the preexisting collateral system between dogs and pigs seems to
play a major role. This has been thoroughly discussed previously
(Végh and Papp, 2011).
Although themechanisms bywhich preconditioning inﬂuences
GJ coupling has not yet been elucidated, it seems reasonable to
hypothesize that mediators and signaling pathways, which are
thought to play role in this form of cardioprotection, may target
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and modify GJs, perhaps at the level of connexins. This hypothe-
sis is supported by the fact that GJ channels exist and can switch
between various conductance states, which depend on the phos-
phorylation status of connexins (Kwak et al., 1995; Kwak and
Jongsma, 1996). The phosphorylation of the C-terminal of con-
nexins, which determines whether GJs are in open or closed state,
involves kinases or kinase-mediated signaling pathways which are
activated in response to a preconditioning stimulus. Thus, several
kinases, such as protein kinase A (PKA), the various isoforms of
PKC, PKG, as well as mitogen-activated protein (MAP) and tyro-
sine kinases (TK), etc., which have been identiﬁed as parts of the
preconditioning-induced signaling cascade (Downey et al., 2008),
were also shown to target connexins (Dhein, 2004; Salameh and
Dhein, 2005). For example, the preconditioning-induced reduc-
tion in myocardial damage was associated with a PKC-activated
enhanced Cx43 phosphorylation in the rabbit isolated hearts
(Miura et al., 2004).
Since the different kinases and kinase isoforms may phospho-
rylate connexins differently, the resulting responses regarding the
regulation of GJ coupling would also be different. Indeed, there
are many, sometimes conﬂicting results reported in both normal
and diseased hearts as concerns the activation of a certain kinase
pathway and changes in GJ function (Salameh and Dhein, 2005;
Dhein et al., 2011). These differences seem to largely depend on
the preparations,models and species used, as well as on the experi-
mental conditions applied. Since the regulatory role of the various
kinase and signaling pathways on GJs have been excellently dis-
cussed previously (e.g., Dhein, 1998; Salameh and Dhein, 2005),
it is not purposed to discuss these further. Nota bene the explo-
ration of mechanisms which affect GJ function led to the idea that
the generation of arrhythmias might be inﬂuenced through the
modulation of GJs (Dhein et al., 2010).
PHARMACOLOGICAL MODIFICATION OF GAP JUNCTIONAL
COUPLING AND ARRHYTHMIAS
During the past two decades, a number of drugs have been
described and developed which facilitate or inhibit the coupling
of GJs (reviewed by Dhein, 2004; Dhein et al., 2010). These were
used, in part, as tools for obtaining information on the phys-
iological and pathophysiological roles of GJs, in part, as drugs
purposing to develop novel antiarrhythmic therapy (Dhein and
Tudyka, 1995; Dhein, 2004; Salameh and Dhein, 2005). However,
the pharmacological modiﬁcation of GJ coupling raises also many
questions, in particular, when the acute ischemia-induced ven-
tricular arrhythmias are considered. It is still not clear whether
opening or closing of GJs during ischemia would be advantageous
for arrhythmia suppression. As we, and others (De Groot et al.,
2001; DeGroot andCoronel,2004;Végh andPapp,2011) have sug-
gested both maneuvers can result in protection. There is no doubt
that keeping GJs open during ischemia and thereby maintaining
conduction velocity (De Groot and Coronel, 2004) would result in
an antiarrhythmic effect. This has been proved by several in vitro
and in vivo studies using synthetic antiarrhythmic peptides, such
as AAP10 and rotigaptide (Dhein et al., 1994; Müller et al., 1997;
Grover and Dhein, 2001; Xing et al., 2003, 2005; Végh and Papp,
2011). However, more controversial results were obtained with
the use of uncouplers, indicating the complexity of the regulation
of GJs in both normal and diseased hearts (Garcia-Dorado et al.,
1997; Salameh and Dhein, 2005). These differences may be related
to the uncoupler used, the model and endpoint examined, as well
as the time of administration of the uncoupler to close GJs (Végh
and Papp, 2011).
We have experimental evidence that in dogs both the GJ opener
rotigaptide and the uncoupler carbenoxolone given prior to and
during coronary artery occlusion protected against the ischemia-
induced severe ventricular arrhythmias (Végh and Papp, 2011).
The fact that the uncoupler carbenoxolone induced an antiar-
rhythmic effect was indeed surprising, since one would have
expected that closing of GJs during ischemia result in enhanced
gap junctional uncoupling and arrhythmias. The results of tis-
sue resistivity measurements showed that immediately after the
onset of the coronary artery occlusion the decline in phase angle
(a measure of increased membrane capacitance due to closure of
GJs; Padilla et al., 2003) was more marked in the carbenoxolone
treated dogs than in the controls (Papp et al., 2008; Végh and
Papp, 2011). Although these early impedance changes are thought
not to be attributed to closure of GJs (Kléber et al., 1987), it can-
not rule out the possibility that there might be cells within the
ischemic area which are severely injured and uncoupled even soon
after the onset of the coronary artery occlusion (Wolk et al., 1999;
Daleau et al., 2001; Vetterlein et al., 2006). Furthermore, in dogs
infused with carbenoxolone the steep increase in resistivity and
decline in phase angle that occur usually around the 15 min of
the occlusion were also absent. In these dogs the two characteris-
tic arrhythmia phases disappeared, and although ectopic activity
could be observed over the entire occlusion period, the total num-
ber of ectopic beats was signiﬁcantly less than in the controls (Végh
and Papp, 2011). We proposed that this ﬁnding could perhaps
be associated with the phenomenon termed “paradoxical restora-
tion of conduction” (Rohr et al., 1997). This suggests that in the
border zone, the viable cells are electrically depressed through
electrotonic interactions from their neighboring ischemic cells
resulting in slowing of conduction (De Groot and Coronel, 2004).
However, with the facilitation of uncoupling, such as may occur
during ischemia in the presence of an uncoupler, this electrotonic
interaction decreases, resulting in an improvement in conduction
and, subsequently, a reduction in arrhythmia severity (De Groot
and Coronel, 2004). Whatever the precise mechanism is, it seems
that carbenoxolone given prior to and during ischemia attenuates
impedance changes during the “critical” phase of ischemia and
reduces phase Ib arrhythmias, and this effect is similar to that seen
with the GJ opener rotigaptide and with preconditioning (Papp
et al., 2008; Végh and Papp, 2011).
Interestingly, carbenoxolone almost completely abolished the
antiarrhythmic effect of ischemic preconditioning. When it was
given prior to and during the preconditioning procedure (two
5-min occlusion and reperfusion insults) both the impedance
changes and the ectopic activity were markedly increased during
the short ischemic periods compared to the preconditioned dogs
without carbenoxolone administration (Papp et al., 2007). In these
carbenoxolone treated preconditioned dogs the tissue impedance
changes during the prolonged occlusion were as marked as in
the non-preconditioned controls, and the severity of arrhyth-
mias, particularly during phase Ib,was also substantially increased.
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Furthermore, preservation of the phosphorylated form of Cx43
afforded by preconditioning was abolished with the administra-
tion of carbenoxolone. Our conclusion was that closing of GJs
prior to preconditioning perhaps inhibits the transfer of endoge-
nous substances that are released by the short preconditioning
ischemia and reperfusion insults thus inhibiting the activation of
signaling pathways leading to cardioprotection (Papp et al., 2007).
As has been mentioned above, many endogenous substances
are thought to regulate GJs function by activating various protein
kinases (Dhein, 1998; Salameh and Dhein, 2005). Our previous
research focused on the exploration of mechanisms involved in the
antiarrhythmic effect of ischemic preconditioning, provided sub-
stantial evidence that NO is one of the key mediators which plays
essential trigger and mediator role in the preconditioning-induced
cardioprotection (Végh et al., 1992c). Thus it seemed reasonable to
hypothesize that the antiarrhythmic effect of preconditioning and
of NO donors (György et al., 2000) may, in part, be accomplished
through the modulation of GJ channels.
EVIDENCE FOR THE ROLE OF NITRIC OXIDE IN THE
REGULATION OF CARDIAC GAP JUNCTIONS
The evidence that NO may modulate GJ function comes mainly
from studies in non-cardiac tissues (Roh et al., 2002; Patel et al.,
2006), especially from those which are dealing with vessel phys-
iology where NO is one of the most important physiological
mediators (Kameritsch et al., 2003; Rodenwaldt et al., 2007). These
studies showed thatNO is able tomodifyGJ permeability (Bolanos
and Medina, 1996; Kameritsch et al., 2003) and the expression
of connexin isoforms (Roh et al., 2002; Hoffmann et al., 2003;
Yao et al., 2005). This latter would be especially important under
chronic conditions where the regulatory role of NO on the expres-
sion of connexins has to be considered in terms of the development
of chronic heart diseases (Poelzing and Rosembaum, 2004; Akar
et al., 2007; Kontogeorgis et al., 2008; Kim et al., 2010; Radosinska
et al., 2011). Changes in Cx43 expression play also an important
role in the delayed phase of cardioprotection induced by rapid car-
diac pacing 24 h prior to ischemia in dogs (Gönczi et al., 2012). In
case of the acute and shorter periods of ischemic challenge (such
as a 30- to 60-min ischemia) and its arrhythmia consequences, the
alterations of GJ conductance, resulting from changes in connexin
phosphorylation, seem to be the more likely mechanism through
which NO may modify GJ function. However, the signaling path-
ways, which regulate the level and phosphorylation status of Cx43
and thus modulate the GJ channel properties, are even less well
understood in the myocardium than in the other non-cardiac tis-
sues. For example, it has been proposed that stimulation of both α1
and β adrenoceptors, although through the activation of different
pathways and protein kinases (PKC and PKA, respectively), leads
to connexin phosphorylation and to the opening of GJs (Saez
et al., 1997; Weng et al., 2002). In contrast, the activation of the
guanylyl cyclase-cGMP pathway and the subsequent stimulation
of PKG would result in closing of these channels (Dhein, 1998).
A more recent study, however, showed that in H9c2 cells, iso-
lated from the rat myocardium, the hypoxia-induced loss in total
Cx43 protein content was restored by acetylcholine and also by the
administration of the NO donor S-nitroso-N-acetylpenicillamine
(SNAP; Zhang et al., 2006). Since the protective effect of
acetylcholine was inhibited by L-NAME, it was suggested that
acetylcholine prevents the hypoxia-induced decrease of Cx43 and
improves GJ coupling via a NO-mediated pathway.
In our own studies, using sodiumnitroprusside (SNP) as anNO
donor and administered in intracoronary infusion 20 min prior
to and throughout a 60-min occlusion period of the left anterior
descending (LAD) coronary artery in anesthetized dogs, we have
found that SNP almost completely abolished the severe ventricular
ectopic activity and attenuated the increase in tissue resistivity but
it did not substantially inﬂuence the decrease in phase angle that
resulted from occlusion (Gönczi et al., 2009). In the presence of
SNP infusion, there was indeed a more marked reduction in phase
angle during the ﬁrst 10-min period of occlusion; and this effect
was very similar to that seen with the administration of carbenox-
olone (Papp et al., 2008; Végh and Papp, 2011). Furthermore, SNP,
like carbenoxolone, abrogated the steep decline in phase angle that
occurred in the controls just prior to the appearance of the phase
Ib arrhythmias; i.e., the impedance changes remained virtually
constant during this critical period of ischemia (i.e., between 15
and 20 min). Despite similarities of impedance changes of SNP
and carbenoxolone, these in vivo impedance measurements do
not provide an answer to the question, as to whether NO, derived
from SNP, opens or closes GJs, and whether opening or closing
of GJs leads to the antiarrhythmic effect of SNP. However, the
fact, that in the presence of SNP the rapid impedance changes that
precede the occurrence of phase Ib arrhythmias were markedly
attenuated (and in parallel the ectopic activity was virtually dis-
appeared), suggests a preserved GJ function during ischemia and
conﬁrms that of our previous supposition that the rate of uncou-
pling prior to phase Ib is of particular importance in the generation
of arrhythmias (Papp et al., 2007; Végh and Papp, 2011). A fur-
ther evidence that NO may preserve GJ function derived from the
in vitro measurements. These showed that compared to the con-
trols, SNP maintained GJ permeability and Cx43 phosphorylation
even after 60 min of ischemia. In the presence of SNP, the mem-
brane fraction of Cx43 remained largely in phosphorylated form
and the metabolic coupling of the adjacent cells was signiﬁcantly
improved. Thus it seems from these results that NO, derived from
NO donors, protects the heart against the ischemia-induced early
ventricular arrhythmias, and that this effect, at least in part, can be
attributed to the effect of NO, or of the NO-stimulated pathways
on GJs, as their function is largely preserved in the presence of
SNP (Gönczi et al., 2009).
More recent experimental data resulting from the administra-
tion of sodium nitrite support this hypothesis. Under experimen-
tal conditions sodium nitrite is used as an exogenous nitrite source
to prove the importance and the potential therapeutic beneﬁt of
nitrite anion. Inorganic nitrites and nitrates, which are natural
oxidative metabolites of NO, have been considered for a long time
as inert molecules playing not a compelling role in NO physiol-
ogy. However, over the last decade emerging evidence suggests that
inorganic nitrites and nitrates may serve as important reservoirs
for NO (reviewed, e.g., Lundberg and Govoni, 2004; Lefer, 2009),
since these metabolites, particularly under hypoxic and anoxic
conditions, can readily be reduced back to NO (Zweier et al., 1995;
Bryan, 2006). This mechanism may provide an increased NO
availability under ischemic conditions independently from NO
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synthase (NOS) activity which is otherwise reduced in the absence
of oxygen (Zweier et al., 1995). A number of studies in various
experimental animal models have proved that nitrite anion has
an important biological function and might represent an effective
means to attenuate ischemia and reperfusion injury (e.g., Webb
et al., 2004; Duranski et al., 2005; Shiva et al., 2007).
Thus in our anesthetized dog model, we infused sodium nitrite
intravenously in a dose of 0.2 μg kg−1 min−1, starting the
infusion 10 min prior to and maintained throughout the entire
25 min occlusion of the LAD coronary artery, and changes in
tissue impedance in parallel with arrhythmia distribution were
assessed (Gönczi et al., 2010). We found that in the presence of
sodium nitrite infusion the total number of ventricular premature
beats during the occlusion was markedly reduced (472 ± 105 vs.
147 ± 77; P < 0.05) and the impedance changes were substan-
tially less pronounced than in the controls (Gönczi et al., 2010).
This is illustrated in Figure 1 which clearly shows that in dogs
infused with sodium nitrite, the steep increase in resistivity and
the decline in phase angle that usually occur around the 14–15 min
of ischemia in the control animals were abrogated and the num-
ber of ectopic beats during phase Ib was markedly suppressed.
In these experiments we also used a mapping electrode, which
collects signals from 31 unipolar electrode points of the epicar-
dial surface of the ischemic area in order to evaluate changes
in the epicardial ST-segment and in total activation time (TAT)
by creating ST and activation maps. The results show that com-
pared with control dogs, in dogs infused with sodium nitrite both
the ischemia-induced increases in epicardial ST-segment and TAT
were considerable reduced (Figure 2). In this study, at the end of
the 25 min occlusion period, myocardial tissue samples were taken
from the hearts for the assessment of metabolic coupling andCx43
phosphorylation, as has been described previously (Gönczi et al.,
2009). Figure 3A shows that the administration of sodium nitrite
preserved the phosphorylated form of Cx43 within the ischemic
LAD area compared with the control hearts in which the occlusion
of the LADresulted inmarkeddephosphorylation of Cx43. GJ per-
meability, determined by double dye loading (Ruiz-Meana et al.,
2001; Papp et al., 2007), was also maintained even after the 25 min
of ischemia in hearts infused with sodium nitrite (Figure 3B).
The results support our previous proposal (Végh and Papp,
2011) that in arrhythmia point of view the modiﬁcation of
GJ function, for example, by preventing the ischemia-induced
dephosphorylation of Cx43, would particularly be important dur-
ing that “critical” phase of ischemia when the rate of uncoupling
of GJs rapidly increases, and when other factors, implicated in
arrhythmogenesis, are also present. Furthermore, we suggest that
NO might be one of the endogenous substances which would
regulate GJs not only in vascular tissues (reviewed recently by
Looft-Wilson et al., 2012) but also in cardiac myocytes. There
is emerging evidence for a cross-talk between NO signaling and
connexins in the vasculature which is essential for normal vas-
cular function (Looft-Wilson et al., 2012). Although a strong
proof is lacking for such an NO-mediated modulation of GJ pro-
teins in cardiac myocytes, we assume that there might be similar
interactions between NO and GJs also within the myocardium,
since NO derives either from the “classical” NO donors or inor-
ganic nitrites, or generated during a preconditioning stimulus
inﬂuenced the electrical and metabolic properties of GJs and
resulted in simultaneous alterations in arrhythmia generation.
We have proposed previously the most likely scenario for the
antiarrhythmic effect afforded by preconditioning is that the pre-
conditioning stimulus triggers the generation and the release
of NO from the vascular endothelial cells and also from car-
diac myocytes (Parratt and Végh, 1996; Végh and Parratt, 1996).
NO by diffusing to cardiac myocytes stimulates soluble guany-
lyl cyclase and increases cGMP within the myocardium since the
inhibition of soluble guanylyl cyclase completely abolished the
antiarrhythmic protection (Végh et al., 1992b). cGMP could mod-
ify arrhythmogenesis by a number of ways involving the inhibition
of calcium entry through L-type calcium channels (Sun et al.,
2007), modiﬁcation of the cGMP/cAMP balance by inﬂuencing
cGMP-dependent phosphodiesterase and/or the direct depression
of cardiac myocytes, resulting in reduced oxygen demand during
prolonged ischemia (Parratt and Végh, 1996; Végh and Parratt,
1996). There is evidence that in vascular endothelium both the
endogenously produced (Straub et al., 2011) and the exogenously
administered (Hoffmann et al., 2003; Rodenwaldt et al., 2007) NO
can acutely increase GJ coupling by a cGMP-dependent mech-
anism. cGMP through the inhibition of the cGMP-dependent
phosphodiesterase prevents the degradation of cAMP and stim-
ulates the cAMP–PKA pathway (Francis et al., 2010). This has
been shown to enhance the coupling of GJs (Hoffmann et al.,
2003). The stimulationof the soluble guanylyl cyclase-cGMPpath-
way by NO and the subsequent activation of protein kinase G
(Patel et al., 2006) might be another signaling mechanism which
can lead to connexin phosphorylation and modiﬁcation of GJ
coupling (Lampe and Lau, 2004).
More recent studies suggests that NO can modify GJ function
independent from the activation of the NO-induced cGMP–PKG
pathway. Such a mechanism is S-nitrosylation during which NO
reversible binds to the thiol groups of cysteine residue of pro-
teins resulting in S-nitrosothiols (SNO). S-nitrosylation not only
allows the storage and transport of NO (Dejam et al., 2004; Lima
et al., 2010) but modulates the activity of several cardiac functions,
including cardiac ion channels (Gonzalez et al., 2009), mitochon-
drial respiration (Sun et al., 2006, 2007), formation of reactive
oxygen species (Sun et al., 2006), or gap junctional connexins
(Straub et al., 2011). For example, in the myoendothelial junc-
tion, where the vascular endothelial and smooth muscle cells are
connected NO has been found to enhance the opening of this spe-
cial form of GJs through S-nitrosylation of Cx43 (Straub et al.,
2011). It is reasonable to assume that S-nitrosylation of Cx43
would be a possible alternative mechanism by which NO regu-
lates the function of GJs also in cardiac myocytes, especially under
conditions of increased NO availability. This may occur, for exam-
ple, after preconditioning (Kiss et al., 2010), the administration of
NO donors (György et al., 2000; Gönczi et al., 2009), including
sodium nitrite. There is evidence that S-nitrosylation plays an
important role in cardioprotection afforded by preconditioning
(Sun et al., 2007; Murphy and Steenbergen, 2008). As to whether
S-nitrosylation of Cx43, indeed, plays a role in the modulation of
GJ function by NO and, if so, how much this mechanism accounts
for the antiarrhythmic effect is still not known and warrants
further examinations.
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FIGURE 1 | Distribution of ventricular premature beats (VPBs) and
relative changes in tissue impedance (resistivity and phase angle) at one
minute intervals during a 25-min coronary artery occlusion in control
dogs and in dogs infused with sodium nitrite. Compared with the
controls, the infusion of sodium nitrite markedly reduced the number of
VPBs (A) and attenuated the rise in tissue resistivity (B) and the decline in
phase angle (C), particularly during the critical period of ischemia (between 15
and 25 min) when the change of phase angle remained virtually constant.
Values are means ± SEM obtained from nine dogs in each group. *P < 0.05
compared with the controls.
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FIGURE 2 | Changes in the total activation time (TAT) (A) and in the
epicardial ST-segment (B) during a 25-min occlusion of the anterior
descending branch of the left coronary artery. In control dogs, both
indices of ischemia severity were markedly increased, especially during the
initial 5 min of the occlusion. These changes were signiﬁcantly reduced in
the presence of the intravenous infusion of sodium nitrite. Values are
means ± SEM. *P < 0.05 compared with the controls.
SUMMARY
We hypothesized that NO derives from either endogenous
(induced by preconditioning) or exogenous sources (administra-
tion of NO donors) is able to modulate GJ function, and that this
effect of NO, in part, plays a role in the protection against the severe
ventricular arrhythmias that results from an acute ischemia and
reperfusion insult in anesthetized dogs. To support this hypoth-
esis in the present article we summarized our results obtained
from previous and more recent studies which aimed to examine
FIGURE 3 | (A) A representative Western blot and changes in the
phosphorylated (P-Cx43; open columns) and dephosphorylated Cx43
(dP-Cx43; ﬁlled columns) isoforms as a percentage of the total
sarcolemmal Cx43 content, following a 25-min LAD occlusionThe
phospho/dephospho ratio within the normal area is around 51/49 ± 1%.
This shifted to 29/71 ± 4% in hearts of the control dogs when subjected to
a 25-min occlusion. Infusion of sodium nitrite prevented this shift and
preserved the phosphorylated form of this protein both within the normal
non-ischemic (52/48 ± 1%) and the ischemic myocardial region
(59/41 ± 3%). (B) Changes in gap junction permeability in sham-control
(SHAM) and ischemic control (ISCH) hearts, as well as in hearts infused
with sodium nitrite (NaNO2). Sodium nitrite prevented the
ischemia-induced reduction in gap junction permeability. Values are
means ± SEM. #P < 0.05 compared with the ischemic control samples.
∗P < 0.05 compared with non-ischemic samples.
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the regulatory role of NO on cardiac GJs in relation to
arrhythmogenesis (Gönczi et al., 2009, Gönczi et al., 2010). The
results give a strong support for this hypothesis, since in the pres-
ence of increased NO availability the function of GJs seems to
be well preserved, as have been shown by both the in vivo and
in vitro measurements. These measures, albeit provide only indi-
rect evidence, clearly indicate that a maintained NO availability
during a prolonged ischemic insult, resulting from either a pre-
conditioning stimulus or the administration of drugs that liberate
NO, inhibits the ischemia-induced tissue impedance changes and
dephosphorylation of Cx43, and maintains the metabolic cou-
pling between cells. These effects of NO are especially pronounced
during that critical period of ischemia when factors and mecha-
nisms, involved in the generation of the phase Ib arrhythmias are
present and fully activated. As a result of the preservedGJ function,
the Ib phase of arrhythmias are markedly suppressed. Although
the precise mechanisms by which NO attains this GJ modulating
effect is still not fully understood, we discussed hypotheses and
theories which propose a role for NO in the regulation of GJs.
These involve NO-mediated signaling cascades including protein
kinases which might have a role in connexin phosphorylation, the
classicalNO-soluble guanylyl cyclase-cGMPpathwaywith the sub-
sequent PKG activation and the cGMP-independent mechanism
of NO through which NO is able to bind and modify proteins
via S-nitrosylation. As to whether all these mechanisms are acting
together or there is one particular mechanism which preferentially
acts under certain circumstances is unknown and requires further
investigations.
ACKNOWLEDGMENTS
These works were supported over the years by the Hungarian Sci-
entiﬁc Research Foundation (OTKA; project numbers 75281 and
105252). We appreciate the skilful technical assistance of Erika
Bakó and Irén Biczók).
REFERENCES
Akar, F. G., Nass, R. D., Hahn,
S., Cingolani, E., Shah, M., Hes-
keth, G. G., et al. (2007). Dynamic
changes in conduction velocity and
gap junction properties during devel-
opment of pacing-induced heart fail-
ure. Am. J. Physiol. Heart Circ. Phys-
iol. 293, H1223–H1230. doi: 10.1152/
ajpheart.00079.2007
Ando, M., Katare, R. G., Kak-
inuma, Y., Zhang, D., Yamasaki,
F., Muramoto, K., et al. (2005).
Efferent vagal nerve stimulation pro-
tects heart against ischemia-induced
arrhythmias by preserving con-
nexin43 protein. Circulation 112,
164–170. doi: 10.1161/CIRCULA-
TIONAHA.104.525493
Beardslee, M. A., Lerner, D. L., Tar-
dos, P. N., Lang, J. G., Beyer, E. C.,
Yamada, K. A., et al. (2000). Dephos-
phorylation and intracellular redis-
tribution of ventricular connexin43
during electrical uncoupling induced
by ischemia. Circ. Res. 87, 656–662.
doi: 10.1161/01.RES.87.8.656
Bolanos, J. P., and Medina, J. M. (1996).
Induction of nitric oxide synthase
inhibits gap junction permeability in
cultured rat astrocytes. J. Neurochem.
66, 2091–2099. doi: 10.1046/j.1471-
4159.1996.66052091.x
Bryan, N. S. (2006). Nitrite in nitric
oxide biology: cause or conse-
quence? A systems-based review. Free
Radic. Biol. Med. 41, 691–701. doi:
10.1016/j.freeradbiomed.2006.05.019
Cascio, W. E. (2001). Myocardial
ischemia: what factors determine
arrhythmogenesis? J. Cardiovasc.
Electrophysiol. 12, 726–729. doi:
10.1046/j.1540-8167.2001.00726.x
Cascio, W. E., Yang, H., Muller-
Borer, B. J., and Johnson, T. A.
(2005). Ischemia-induced arrhyth-
mia: the role of connexins, gap
junctions, and attendant changes
in impulse propagation. J. Electro-
cardiol. 38, 55–59. doi: 10.1016/
j.jelectrocard.2005.06.019
Cinca, J., Warren, M., Careno, A., Tre-
sanchez, M., Armadans, L., Gomez,
P., et al. (1997). Changes in myocar-
dial electrical impedance induced
by coronary artery occlusion in
pigs with and without precondition-
ing. Circulation 96, 3079–3086. doi:
10.1161/01.CIR.96.9.3079
Daleau, P., Boudriau, S., Michaud,
M., Jolicoeur, C., and Kingma, J.
G. (2001). Preconditioning in the
absence or presence of sustained
ischemia modulates myocardial Cx43
protein levels and gap junction dis-
tribution. Can. J. Physiol. Phar-
macol. 79, 371–378. doi: 10.1139/
y01-004
De Groot, J. R., and Coronel, R. (2004).
Acute ischemia-induced gap junc-
tional uncoupling and arrhythmoge-
nesis. Cardiovasc. Res. 62, 323–334.
doi: 10.1016/j.cardiores.2004.01.033
De Groot, J. R., Wilms-Schopman, F. J.
G., Ophtof, T., Remme, C. A., and
Coronel, R. (2001). Late ventricu-
lar arrhythmias during acute regional
ischemia in the isolated blood per-
fused pig heart. Role of electrical
cellular coupling. Cardiovasc. Res.
50, 362–372. doi: 10.1016/S0008-
6363(01)00222-X
Dejam, A., Hunter, C. J., Schechter,
A. N., and Gladwin, M. T.
(2004). Emerging role of nitrite in
human biology. Blood Cells Mol.
Dis. 32, 423–429. doi: 10.1016/
j.bcmd.2004.02.002
Dhein, S. (1998). Gap junction chan-
nels in the cardiovascular system:
pharmacological and physiological
modulation. Trends Pharmacol. Sci.
19, 229–241. doi: 10.1016/S0165-
6147(98)01192-4
Dhein, S. (2004). Pharmacology of gap
junctions in the cardiovascular sys-
tem. Cardiovasc. Res. 62, 287–298.
doi: 10.1016/j.cardiores.2004.01.019
Dhein, S., Hagen, A., Jozwiak, J., Dietze,
A., Garbade, J., Barten, M., et al.
(2010). Improving cardiac gap junc-
tion communication as a new antiar-
rhythmic mechanism: the action
of antiarrhythmic peptides. Naunyn
Schmiedebergs Arch. Pharmacol. 381,
221–234. doi: 10.1007/s00210-009-
0473-1
Dhein, S., Jozwiak, J., Hagen, A.,
Seidel, T., Dietze, A., Salameh,
A., et al. (2011). “The role of gap
junctions in impulse propagation in
the heart: new aspects of arrhyth-
mogenesis and new antiarrhythmic
agents targeting gap junctions,” in
Heart Rate and Rhythm. Molecular
Basis, Pharmacological Modulation
and Clinical Applications, eds O. N.
Tripathi, U. Ravens, and M. C. San-
guinetti (Berlin: Springer-Verlag),
503–524.
Dhein, S., Manicone, N., Müller,
A., Gerwin, R., Ziskoven, U.,
Irankhahi, A., et al. (1994). A
new synthetic antiarrhythmic pep-
tide reduces dispersion of epicar-
dial activation recovery intervals
and diminishes alterations of epicar-
dial activation patterns induced by
regional ischemia. Naunyn Schmiede-
bergs Arch. Pharmacol. 350, 174–184.
doi: 10.1007/BF00241093
Dhein, S., and Tudyka, T. (1995). The
therapeutic potential of antiarrhyth-
mic peptides. Cellular coupling as
a new antiarrhythmic target. Drugs
49, 851–855. doi: 10.2165/00003495-
199549060-00001
Downey, J. M., Krieg, T., and Cohen,
M. V. (2008). Mapping precon-
ditioning’s signaling pathways: an
engineering approach. Ann. N. Y.
Acad. Sci. 1123, 187–196. doi:
10.1196/annals.1420.022
Duranski, M. R., Greer, J. J., Dejam,
A., Jaganmohan, S., Hogg, N.,
Langston, W., et al. (2005). Cytopro-
tective effects of nitrite during in vivo
ischemia-reperfusionof theheart and
liver. J. Clin. Invest. 115, 1232–1240.
doi: 10.1172/JCI22493
Francis, S. H., Busch, J. L., and Corbin,
J. D. (2010). cGMP-dependent pro-
tein kinases and cGMP phosphodi-
esterases in nitric oxide and cGMP
action. Pharmacol. Rev. 62, 525–563.
doi: 10.1124/pr.110.002907
Garcia-Dorado, D., Inserte, J., Ruiz-
Meana, M., Gonzalez, M., Solares,
J., Julia, M., et al. (1997). Gap junc-
tion uncoupler heptanol prevents
cell-to-cell progression of hypercon-
tracture and limits necrosis dur-
ing myocardial reperfusion. Circu-
lation 96, 3579–3586. doi: 10.1161/
01.CIR.96.10.3579
Garcia-Dorado, D., Rodriguez-Sinovas,
A., and Ruiz-Meana, M. (2004).
Gap junction-mediated spread of cell
injury and death during myocar-
dial ischaemia-reperfusion. Cardio-
vasc. Res. 61, 386–401. doi: 10.1016/
j.cardiores.2003.11.039
Gönczi, M., Kiss, A., and Végh, Á.
(2010). The antiarrhythmic protec-
tion resulting from sodium nitrite
(NaNO2) administration involves
modulation of gap junctions. J. Mol.
Cell. Cardiol. 48, S102 (P-2-26-2)
(abstract).
Gönczi, M., Kovács, M., Seprényi, G.,
and Végh, Á. (2012). The involve-
ment of gap junctions in the delayed
phase of the protection induced by
cardiac pacing in dogs. Clin. Sci. 123,
39–51. doi: 10.1042/CS20110501
Gönczi, M., Papp, R., Kovács, M.,
Seprényi, G., and Végh, Á. (2009).
Modulation of gap junctions by nitric
Frontiers in Pharmacology | Pharmacology of Ion Channels and Channelopathies June 2013 | Volume 4 | Article 76 | 8
“fphar-04-00076” — 2013/6/12 — 14:44 — page 9 — #9
Végh et al. Gap junction modulation by NO
oxide contributes to the antiarrhyth-
mic effect of sodium nitroprusside.
Br. J. Pharmacol. 156, 786–793. doi:
10.1111/j.1476-5381.2008.00089.x
Gonzalez, D. R., Treuer, A., Sun, Q.
A., Stamler, J. S., and Hare, J. M.
(2009). S-nitrosylation of cardiac
ion channels. J. Cardiovasc. Phar-
macol. 54, 188–195. doi: 10.1097/
FJC.0b013e3181b72c9f
Grover, R., and Dhein, S. (2001).
Structure–activity relationship of
novel peptides related to the antiar-
rhythmic peptide AAP10 which
reduce the dispersion of epicardial
action potential duration. Peptides
22, 1011–1021. doi: 10.1016/S0196-
9781(01)00419-3
György, K., Végh, Á., Rastegar,
M. A., Papp, J. G., and Par-
ratt, J. R. (2000). Isosorbide-
2-mononitrate reduces the conse-
quences of myocardial ischaemia,
including arrhythmia severity: impli-
cations for preconditioning. Cardio-
vasc. Drugs Ther. 14, 481–488. doi:
10.1023/A:1007832921391
Henriquez, A. P., Vogel, R., Muller-
Borer, B. J., Henriquez, C. S., Wein-
gart, R., and Cascio, W. E. (2001).
Inﬂuence of dynamic gap junction
resistance on impulse propagation
in ventricular myocardium: a com-
puter stimulation study. Biophys. J.
81, 2112–2121. doi: 10.1016/S0006-
3495(01)75859-6
Hoffmann, A., Gloe, T., Pohl, U.,
and Zahler, S. (2003). Nitric oxide
enhances de novo formation of
endothelial gap junctions. Cardio-
vasc. Res. 60, 421–430. doi: 10.1016/
j.cardiores.2003.04.001
Hoyt, R. H., Cohen, M. L., and
Safﬁtz, J. E. (1989). Distribu-
tion and three-dimensional structure
of intercellular junctions in canine
myocardium. Circ. Res. 64, 563–574.
doi: 10.1161/01.RES.64.3.563
Janse, M. J., Kléber, A. G., Capucci, A.,
Coronel, R., and Wilms-Schopman,
F. (1986). Electrophysiological basis
for arrhythmias caused by acute
ischemia. J. Mol. Cell. Cardiol.
18, 339–355. doi: 10.1016/S0022-
2828(86)80898-7
Janse, M. J., and van Capelle, F. J.
L. (1982). Electrotonic interactions
across an inexcitable region as a cause
of ectopic activity in acute regional
myocardial ischemia. A study in
intact porcine and canine hearts and
computer models. Circ. Res. 50, 527–
537. doi: 10.1161/01.RES.50.4.527
Kameritsch, P., Hoffmann, A., and
Pohl, U. (2003). Opposing effects of
nitric oxide on different connexins
expressed in the vascular system. Cell.
Commun. Adhes. 10, 305–309.
Kim, S. K., Pak, H. N., Park, J. H.,
Fang, Y. F., Kim, G. I., Park, Y.
D., et al. (2010). Cardiac cell therapy
with mesenchymal stem cell induces
cardiac nerve sprouting, angiogene-
sis, and reduced connexin43-positive
gap junctions, but concomitant elec-
trical pacing increases connexin43-
positive gap junctions in canineheart.
Cardiol. Young 20, 308–317. doi:
10.1017/S1047951110000132
Kiss, A., Juhász, L., Seprényi, G.,
Kupai, K., Kaszaki, J., and Végh,
Á. (2010). The role of nitric oxide,
superoxide and peroxynitrite in the
anti-arrhythmic effects of precondi-
tioning and peroxynitrite infusion in
anaesthetized dogs. Br. J. Pharmacol.
160, 1263–1272. doi: 10.1111/j.1476-
5381.2010.00774.x
Kléber, A. G. (1983). Resting membrane
potential, extracellular potassium
activity, and intracellular sodium
activity during acute global ischemia
in isolated perfused guinea pig
hearts. Circ. Res. 52, 442–450. doi:
10.1161/01.RES.52.4.442
Kléber, A. G., Riegger, C. B., and
Janse, M. J. (1987). Electrical uncou-
pling and increase in extracellular
resistance after induction of ischemia
in isolated, arterially perfused rab-
bit papillary muscle. Circ. Res. 61,
271–279. doi: 10.1161/01.RES.61.
2.271
Kontogeorgis, A., Kaba, R. A., Kang,
E., Feig, J. E., Gupta, P. P., Ponzio,
M., et al. (2008). Short-term pacing
in themouse alters cardiac expression
of connexin43. BMC Physiol. 8:8. doi:
10.1186/1472-6793-8-8
Kwak, B. R., Hermanns, M. M. P.,
De Jonge, H. R., Lohmann, S. M.,
Jongsma, H. J., and Chanson, M.
(1995). Differential regulation of dis-
tinct types of gap junction channels
by similar phosphorylating condi-
tions. Mol. Biol. Cell 6, 1707–1709.
Kwak, B. R., and Jongsma, H. J.
(1996). Regulation of cardiac gap
junction channel permeability and
conductance by several phosphoryla-
tion conditions. Mol. Cell. Biochem.
157, 93–99. doi: 10.1007/BF00227885
Lampe, P. D., and Lau, A. F. (2004).
The effects of connexin phosphory-
lation on gap junctional communi-
cation. Int. J. Biochem. Cell Biol.
36, 1171–1183. doi: 10.1016/S1357-
2725(03)00264-4
Lefer, D. J. (2009). Emerging role
of nitrite in myocardial protection.
Arch. Pharm. Res. 32, 1127–1138. doi:
10.1007/s12272-009-1804-y
Lima, B., Forrester, M. T., Hess,
D. T., and Stamler, J. S. (2010).
S-nitrosylation in cardiovascular
signaling. Circ. Res. 106, 633–646.
doi: 10.1161/CIRCRESAHA.109.
207381
Looft-Wilson, R. C., Billaud, M.,
Johnstone, S. R., Straub, A. C.,
and Isakson, B. E. (2012). Inter-
action between nitric oxide signal-
ing and gap junctions: effects on
vascular function. Biochim. Bio-
phys. Acta 1818, 1895–1902. doi:
10.1016/j.bbamem.2011.07.031
Lundberg, J. O., and Govoni, M.
(2004). Inorganic nitrite is a pos-
sible source for systemic generation
of nitric oxide. Free Radic. Biol.
Med. 37, 395–400. doi: 10.1016/
j.freeradbiomed.2004.04.027
Miura, T., Ohnuma, Y., Kuno, A.,
Tanno, M., Ichikawa, Y., Nakamura,
Y., et al. (2004). Protective role of gap
junctions in preconditioning against
myocardial infarction. Am. J. Physiol.
Heart Circ. Physiol. 286, H214–H221.
doi: 10.1152/ajpheart.00441.2003
Müller, A., Gottwald, M., Tudyka, T.,
Linke, W., Klaus, W., and Dhein,
S. (1997). Increase in gap junction
conductance by an antiarrhythmic
peptide. Eur. J. Pharmacol. 327,
65–72. doi: 10.1016/S0014-2999(97)
89679-3
Murphy, E., and Steenbergen, C.
(2008). Mechanisms underlying
acute protection from cardiac
ischemia-reperfusion injury. Phys-
iol. Rev. 88, 581–609. doi: 10.1152/
physrev.00024.2007
Padilla, F., Garcia-Dorado, D.,
Rodriguez-Sinovas, A., Ruiz-Meana,
M., Inserte, J., and Soler-Soler,
J. (2003). Protection afforded by
ischemic preconditioning is not
mediated by effects on cell-to-cell
electrical coupling during myocar-
dial ischemia-reperfusion. Am. J.
Physiol. 85, H1909–H1916. doi:
10.1152/ajpheart.00438.2003
Papp, R., Gönczi, M., Kovács, M.,
Seprényi, G., and Végh, Á. (2007).
Gap junctional uncoupling plays a
trigger role in the antiarrhythmic
effect of ischaemic preconditioning.
Cardiovasc. Res. 74, 396–405. doi:
10.1016/j.cardiores.2007.02.021
Papp, R., Gönczi, M., and Végh,
Á. (2008). Role of gap junctions
in arrhythmias induced by acute
myocardial ischaemia. Cardiol. Hung.
38, 116–122.
Parratt, J. R., and Végh, Á. (1996).
Endothelial cells, nitric oxide and
ischaemic preconditioning. Basic Res.
Cardiol. 91, 27–30. doi: 10.1007/
BF00788857
Patel, L. S., Mitchell, C. K., Dubin-
sky, W. P., and O’Brien, J. O.
(2006). Regulation of gap junction
coupling through the neuronal con-
nexinCx35 bynitric oxide and cGMP.
Cell Commun. Adhes. 13, 41–54. doi:
10.1080/15419060600631474
Peters, N. S., and Wit, A. L.
(1998). Myocardial architecture
and ventricular arrhythmogenesis.
Circulation 97, 1746–1754. doi:
10.1161/01.CIR.97.17.1746
Poelzing, S., and Rosembaum, D. S.
(2004). Altered connexin43 expres-
sion produces arrhythmia substrate
in heart failure. Am. J. Physiol. Heart
Circ. Physiol. 287, H1762–H1770.
doi: 10.1152/ajpheart.00346.2004
Radosinska, J., Bacova, B., Bertanova, I.,
Navarova, J., Zhukovska, A., Shysh,
A., et al. (2011). Myocardial NOS
activity and connexin43 expression in
untreated and omega-3 fatty acids-
treated spontaneously hypertensive
and hereditary hypertriglyceridemic
rats. Mol. Cell. Biochem. 347, 163–
173. doi: 10.1007/s11010-010-0625-0
Rodenwaldt, B., Pohl, U., and Wit,
C. (2007). Endogenous and exoge-
nous NO attenuates conduction
of vasoconstrictions along arteri-
oles in the microcirculation. Am.
J. Physiol. Heart Circ. Physiol. 292,
H2341–H2348. doi: 10.1152/ajp-
heart.01061.2006
Roh, C. R., Heo, J. H., Yang, S.
H., and Bae, D. S. (2002). Reg-
ulation of connexin 43 by nitric
oxide in primary uterine myocytes
from term pregnant women. Am. J.
Obstet. Gynecol. 187, 434–440. doi:
10.1067/mob.2002.123600
Rohr, S. (2004). Role of gap junc-
tions in propagation of the cardiac
action potential. Cardiovasc. Res.
62, 309–312. doi: 10.1016/j.cardiores.
2003.11.035
Rohr, S., Kucera, J. P., Fast, V. G.,
and Kléber, A. G. (1997). Paradoxical
improvement of impulse conduction
in cardiac tissue by partial cellular
uncoupling. Science 275, 841–844.
doi: 10.1126/science.275.5301.841
Rohr, S., Kucera, J. P., and Kléber, A.
G. (1998). Slow conduction in car-
diac tissue. I. Effects of a reduction
of excitability versus a reduction of
electrical coupling on microconduc-
tion. Circ. Res. 83, 781–794. doi:
10.1161/01.RES.83.8.781
Rudy, Y., and Quan, W. L. (1987). A
model study of the effects of the
discrete cellular structure on elec-
trical propagation in cardiac tis-
sue. Circ. Res. 61, 815–823. doi:
10.1161/01.RES.61.6.815
Ruiz-Meana, M., Garcia-Dorado, D.,
Lane, S., Pina, P., Inserte, J., Mirabet,
M., et al. (2001). Persistence of
gap junction communication during
myocardial ischaemia. Am. J. Physiol.
Heart Circ. Physiol. 280, H2563–
H2571.
www.frontiersin.org June 2013 | Volume 4 | Article 76 | 9
“fphar-04-00076” — 2013/6/12 — 14:44 — page 10 — #10
Végh et al. Gap junction modulation by NO
Saez, J. C., Naim, A. C., Czernik,
A. J., Fishman, G. I., Spray, D.
C., and Hertzberg, E. L. (1997).
Phosphorylation of connexin43 and
the regulation of neonatal rat car-
diac myocyte gap junctions. J. Mol.
Cell. Cardiol. 29, 2131–2145. doi:
10.1006/jmcc.1997.0447
Safﬁtz, J. E., Davis, L. M., Darrow, B.
J., Kanter, H. L., Laing, J. G., and
Beyer, E. C. (1995). The molecu-
lar basis of anisotropy: role of gap
junctions. J. Cardiovasc. Electrophys-
iol. 6, 498–510. doi: 10.1111/j.1540-
8167.1995.tb00423.x
Salameh, A., and Dhein, S. (2005).
Pharmacology of gap junctions. New
pharmacological targets for treat-
ment of arrhythmia, seizure and
cancer? Biochim. Biophys. Acta
1719, 36–58. doi: 10.1016/j.bbamem.
2005.09.007
Schulz, R., Gres, P., Skyschally, A.,
Duschin, A., Belosjorow, S., Koniet-
zka, I., et al. (2003). Ischemic pre-
conditioning preserves connexin43
phosphorylation during sustained
ischemia in pig hearts in vivo. FASEB
J. 17, 1355–1357. doi: 10.1096/fj.02-
0975fje
Shaw, R. M., and Rudy, Y. (1997).
Ionic mechanisms of propagation in
cardiac tissue. Roles of sodiumand L-
type calciumcurrents during reduced
excitability and decreased gap junc-
tion coupling. Circ. Res. 81, 727–741.
doi: 10.1161/01.RES.81.5.727
Shiva, S., Sack,M.N.,Greer, J. J., Duran-
ski, M., Ringwood, L. A., Burwell,
L., et al. (2007). Nitrite augments
tolerance to ischemia/reperfusion
injury via the modulation of
mitochondrial electron transfer.
J. Exp. Med. 204, 2089–2012. doi:
10.1084/jem.20070198
Smith, W. T., Fleet, W. F., John-
son, T. A., Engle, C. L., and Cas-
cio, W. E. (1995). The 1b phase of
ventricular arrhythmias in ischemic
in situ porcine heart is related to
changes in cell-to-cell electrical cou-
pling. Circulation 92, 3051–3060. doi:
10.1161/01.CIR.92.10.3051
Söhl, G., and Willecke, K. (2004). Gap
junctions and the connexion protein
family. Cardiovasc. Res. 62, 228–
232. doi: 10.1016/j.cardiores.2003.
11.013
Spach, M. S., Dolbert, P. C., and
Heidlage, J. F. (1988). Inﬂuence of
the passive anisotropic properties on
directional differences in propaga-
tion following modiﬁcation of the
sodium conductance in human atrial
muscle. A model of reentry based
anisotropic discontinuous propaga-
tion. Circ. Res. 62, 811–832. doi:
10.1161/01.RES.62.4.811
Spach, M. S., and Heidlage, J. F. (1995).
The stochastic nature of cardiac
propagation at a microscopic level.
Electrical description of myocardial
architecture and its application to
conduction. Circ. Res. 76, 366–380.
doi: 10.1161/01.RES.76.3.366
Spach, M. S., Miller, W. T., Geselowitz,
D. B., Barr, R. C., Kootsey, J. M.,
and Johnson, E. A. (1981). The dis-
continuous nature of propagation in
normal canine cardiac muscle. Evi-
dence for recurrent discontinuities of
intracellular resistance that affect the
membrane currents. Circ. Res. 48,
39–54. doi: 10.1161/01.RES.48.1.39
Spear, J. F., Kleval, R. S., and Moore,
E. N. (1992). The role of myocardial
anisotropy in arrhythmogenesis asso-
ciated with myocardial ischemia and
infarction. J. Cardiovasc. Electrophys-
iol. 3, 579–588.
Straub, A. C., Billaud, M., John-
stone, S. R., Best, A. K., Yemen,




in the vessel wall. Arterioscler.
Thromb. Vasc. Biol. 31, 399–407. doi:
10.1161/ATVBAHA.110.215939
Sun, J., Morgan, M., Shen, R. F.,
Steenbergen, C., and Murphy, E.
(2007). Preconditioning results in S-
nitrosylation of proteins involved in
regulation of mitochondrial energet-
ics and calcium transport. Circ. Res.
101, 1155–1163. doi: 10.1161/CIR-
CRESAHA.107.155879
Sun, J., Steenbergen, C., and Mur-
phy, E. (2006). S-nitrosylation: NO-
related redox signaling to protect
against oxidative stress. Antioxid.
Redox Signal. 8, 1693–1705. doi:
10.1089/ars.2006.8.1693
Végh, Á., Komori, S., Szekeres, L.,
and Parratt, J. R. (1992a). Antiar-
rhythmic effects of preconditioning
in anaesthetized dogs and rats. Car-
diovasc. Res. 26, 487–495. doi:
10.1093/cvr/26.5.487
Végh, Á., Papp, J. G., Szekeres, L., and
Parratt, J. R. (1992b). The local intra-
coronary administration of methy-
lene blue prevents the pronounced
antiarrhythmic effect of ischaemic
preconditioning. Br. J. Pharmacol.
107, 910–911. doi: 10.1111/j.1476-
5381.1992.tb13384.x
Végh, Á., Szekeres, L., and Par-
ratt, J. R. (1992c). Precondition-
ing of the ischaemic myocardium;
involvement of the l-arginine – nitric
oxide pathway. Br. J. Pharmacol.
107, 648–652. doi: 10.1111/j.1476-
5381.1992.tb14501.x
Végh, Á., and Papp, R. (2011). “Pos-
sible mechanisms of the acute
ischemia-induced ventricular
arrhythmias: the involvement of
gap junctions,” in Heart Rate and
Rhythm. Molecular Basis, Pharma-
cological Modulation and Clinical
Applications, eds O. N. Tripathi,
U. Ravens, and M. C. Sanguinetti
(Berlin: Springer-Verlag), 525–543.
Végh, Á., and Parratt, J. R. (1996).
“Ischaemic preconditioning
markedly reduces the severity of
ischaemia and reperfusion-induced
arrhythmias; role of endogenous
myocardial protective substances,” in
Myocardial Preconditioning, eds C. L.
Wainwright and J. R. Parratt (Berlin:
Springer), 35–60.
Vetterlein, F., Mühlfeld, C., Cete-
gen, C., Volkmann, R., Schrader,
C., and Hellige, G. (2006). Redis-
tribution of connexin43 in regional
acute ischemic myocardium: inﬂu-
ence of ischemic preconditioning.
Am. J. Physiol. 291, H813–H819. doi:
10.1152/ajpheart.01177.2005
Webb, A., Bond, R., McLean, P., Uppal,
R., Benjamin, N., and Ahluwalia,
A. (2004). Reduction of nitrite to
nitric oxide during ischemia pro-
tects against myocardial ischemia-
reperfusion damage. Proc. Natl. Acad.
Sci. U.S.A. 101, 13683–13688. doi:
10.1073/pnas.0402927101
Weng, S., Lauven, T., Schaefer, L.,
Polontchouk, R., Grover, S., and
Dhein, S. (2002). Pharmacological
modulation of gap junction cou-
pling by an antiarrhythmic via pro-
tein kinase C activation. FASEB J. 16,
1114–1116.
White, R. L., Doeller, J. E., Verselis,
V. K., and Wittenberg, B. A. (1990).
Gap junctional conductance between
pairs of ventricular myocytes is mod-
ulated synergistically by H+ and
Ca++. J. Gen. Physiol. 95, 1061–1075.
doi: 10.1085/jgp.95.6.1061
Wojtczak, J. (1979). Contractures
and increase in internal longitudinal
resistance of cow ventricular muscle
induced by hypoxia. Circ. Res. 44,
88–95. doi: 10.1161/01.RES.44.1.88
Wolk, R., Cobbe, S. M., Hicks, M.
N., and Kane, K. A. (1999). Func-
tional, structural and dynamic basis
of electrical heterogeneity in healthy
and diseased cardiac muscle: impli-
cations for arrhythmogenesis and
anti-arrhythmic drug therapy. Phar-
macol. Ther. 84, 207–231. doi:
10.1016/S0163-7258(99)00033-9
Xing, D., Kjolbye, A. L., Nielsen,
M. S., Petersen, J. S., Harlow, K.
W., Holstein-Rathlou, N. H., et al.
(2003). ZP123 increases gap junc-
tional conductance and prevents re-
entrant ventricular tachycardia dur-
ing myocardial ischemia in open
chest dogs. J. Cardiovasc. Electrophys-
iol. 14, 510–520. doi: 10.1046/j.1540-
8167.2003.02329.x
Xing, D., Kjolbye, A. L., Petersen,
J. S., and Martins, J. B. (2005).
Pharmacological stimulation of car-
diac gap junction coupling does
not affect ischaemia-induced focal
ventricular tachycardia or triggered
activity in dogs. Am. J. Physiol.
Heart Circ. Physiol. 288, H511–
H516. doi: 10.1152/ajpheart.00720.
2004
Yao, J., Hiramatsu, N., Zhu, Y.,
Morioka, T., Takeda, M., Oite, T.,
et al. (2005). Nitric oxide-mediated
regulation of connexin43 expression
and gap junctional intercellular com-
munication in mesangial cells. J.
Am. Soc. Nephrol. 16, 58–67. doi:
10.1681/ASN.2004060453
Zhang, Y., Kikinuma, Y., Ando, H.,
Katare, R. G., Yamasaki, F., Sug-
iura, T., et al. (2006). Acetyl-
choline inhibits the hypoxia-induced
reduction of connexin43 protein in
rat cardiomyocytes. J. Pharmacol.
Sci. 101, 214–222. doi: 10.1254/
jphs.FP0051023
Zweier, J. L., Wang, P., Samouilov,
A., and Kuppusamy, P. (1995).
Enzyme-independent formation of
nitric oxide in biologic tissues. Nat.
Med. 1, 804–809. doi: 10.1038/
nm0895-804
Conflict of Interest Statement: The
authors declare that the research was
conducted in the absence of any com-
mercial or ﬁnancial relationships that
could be construed as a potential con-
ﬂict of interest.
Received: 14 February 2013; paper pend-
ing published: 08 April 2013; accepted:
29 May 2013; published online: 14 June
2013.
Citation: Végh Á, Gönczi M, Miskolczi
G and Kovács M (2013) Regulation of
gap junctions by nitric oxide inﬂuences
the generation of arrhythmias result-
ing from acute ischemia and reperfusion
in vivo. Front. Pharmacol. 4:76. doi:
10.3389/fphar.2013.00076
This article was submitted to Frontiers
in Pharmacology of Ion Channels and
Channelopathies, a specialty of Frontiers
in Pharmacology.
Copyright © 2013 Végh, Gönczi, Miskol-
czi and Kovács. This is an open-access
article distributed under the terms of the
Creative Commons Attribution License,
which permits use, distribution and
reproduction in other forums, provided
the original authors and source are cred-
ited and subject to any copyright notices
concerning any third-party graphics etc.
Frontiers in Pharmacology | Pharmacology of Ion Channels and Channelopathies June 2013 | Volume 4 | Article 76 | 10
